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摘要 
随着物联网应用的不断扩展，需要大量传感器节点组成无线传感网络以实现
未来万物互联的目标。其中，湿度测量器件在智能家居、气象、工业控制等领域
是最为广泛和基础的传感器节点。为了实现无线传感网络，现有的电阻、电容型
传感器件需要独立的电源系统持续供电，而在电池容量有限的条件下，器件需要
采用占空比方式工作，即在高功耗的传感工作状态之间加入待机模式，以减小传
感器节点的总功耗。由于待机模式的存在，无法对整个环境状态进行实时、无缝
的检测，且由于构成节点的传感元件一般属于相对高功耗的器件，电池寿命始终
有限。声表面波（surface acoustic wave, SAW）传感器由于无需额外能量，即可
通过压电材料和叉指电极的组合，实现电磁波与机械波的可逆能量转换过程，是
一种真正的无线无源的传感技术，有望成为未来低功耗传感的解决方案。此类器
件通过外界环境变化对固体表面的 SAW产生扰动，进而实现对环境变量的测量，
其灵敏度与声表面波能量在固体表面的限制程度相关。通过提高器件工作频率，
有助于减小 SAW能量深入衬底体内，从而提高传感器性能。 
目前被广泛研究的 SAW湿度传感器的工作频率普遍低于 500 MHz，属于 P
波段（<1000 MHz）器件，其传感器尺寸较大，且较低的工作频率限制了灵敏度
的提高。在本论文中，我们通过分析声表面波谐振器的工作原理，设计了基于
128°YX- LiNbO3衬底的 SAW器件，并对其进行有限元仿真。同时采用亚微米电
子束曝光工艺，通过改进抗蚀剂结构并对邻近效应进行校正，成功制备了工作在
L波段（1~2 GHz）的高频声表面波谐振器。进而开展了基于新型湿敏材料的高
频 SAW湿度传感器的研究： 
（1）针对 CeO2纳米颗粒容易团聚造成 SAW大幅损耗的问题，我们通过静
电纺丝方法在高频 SAW谐振器表面原位沉积包覆了 CeO2纳米颗粒的 PVP纳米
纤维作为湿敏材料。相比于低频 SAW器件（879 MHz），基于 L波段的传感器（1.56 
GHz）在 11%RH-95%RH 范围内表现出 8 倍于前者的频率响应。同时通过改变
CeO2含量，可调节纳米纤维形貌，并充分利用无机 CeO2纳米粒子和有机 PVP
材料复合后的协同效应，提高器件灵敏度和长期稳定性。 
（2）利用水热合成方法制备一维 Ni(SO4)0.3(OH)1.4（NSOH）纳米带并通过
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后续热处理得到直径约 50 nm的 NiO纳米颗粒，然后通过旋涂法将两种纳米材
料均匀涂覆在高频 SAW谐振器表面制成湿度传感器。基于 NiO纳米颗粒的 SAW
传感器由于其特殊的表面化学结构和多孔的表面形貌，其频率响应在
11%-85%RH 范围为-5.81 MHz，高于基于 NSOH 纳米带的器件，并且表现出较
快的响应（23 s）和恢复（4 s）时间。同时该器件对水分子具有良好的选择性，
即使工作与 L波段，其他气体对传感器的频率响应干扰较小。 
（3）采用新型 PEVImBr聚离子液体作为高频 SAW湿度传感器的敏感材料，
通过对 PEVImBr 进行核磁共振分析发现单体已经通过侧基的双键成功聚合，提
高了材料的稳定性。基于 PEVImBr薄膜的高频 SAW湿度传感器在 11%-69%RH
范围内，器件频率响应高达-26.4MHz，高于以 CeO2/PVP 和 NiO 为敏感材料的
SAW 器件。同时，器件具有极低的湿滞且在低湿范围内表现出良好的重复性。
该传感器在 11%-69%RH 范围内表现出优异的性能主要归因于 PEVImBr 聚离子
液体较好的亲水性和离子导电特性。 
 
关键字：声表面波湿度传感器；高频；纳米材料 
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Abstract 
With the explosive development of Internt of Thing (IOT), the wireless sensor 
network (WSN) with a large number of sensor nodes should be established to achieve 
the goal of interconnectedness of all things. Among all kinds of sensor nodes, 
humidity measurement has been widely demanded in the applications of smart 
building, weather forecast and industrial process engineering. In order to achieve the 
WSN, the existing resistance and capacitance types of humidity sensors should work 
with batteries. Typically, the sensor node needs stand-by state to decrease the power 
consumption, which may lose critical information when the sensor is “sleeping”. 
Meanwhile, considering the traditional sensors need relatively high power 
consumptions, they are not keeping up with the need for WSN. Surface acoustic wave 
(SAW) sensor, as a kind of micro, wireless, and passive device, is an alternative 
solution to meet the requirement of IOT, because the SAW device can achieve the 
energy transformation between the RF signal and surface acoustic wave without 
additional energy. The interaction between the external medium and the propagating 
wave on the surface can affect the frequency of the SAW, which is regarded as the 
working principle of the SAW sensor. The sensitivity of the SAW sensor is due to the 
penetration depth of the SAW and corresponding surface confinement. As the working 
frequency of the SAW increases, the surface confinement, together with the sensitivity 
to surrounding variations, is also reinforced 
Nowadays, the working frequencies of SAW humidity sensors are usually not 
higher than 500 MHz, typically in the P-band. The relative low frequency caused 
large size of the device and low sensitivity. In this work, we designed, simulated, and 
fabricated the high frequency SAW resonator working in L-band (1~2 GHz) using 
electron beam lithography process and studies the humidity sensing properties with 
the nanostructured materials based SAW sensor. 
(1) The convenient electrospinning method was used to prepare CeO2/PVP 
nanofibers directly onto the SAW device in order to prevent the agglomeration of the 
CeO2 powders. The L-band SAW sensor with CeO2/PVP nanofibers showed higher 
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frequency response than the sensor based on P-band. Meanwhile, the content of the 
CeO2 in the nanofibers were found to have great influence on the the morphology of 
the nanofiber and the frequency response of the sensor. 
(2) Ni(SO4)0.3(OH)1.4 nanobelts and NiO nanoparticles were synthesized by 
hydrothermal process and corresponding thermal treatment. These nanomaterials were 
used as the sensitive layers for SAW humidity sensor by spin coating method. The 
NiO based SAW sensor showed enhanced frequency reponse to higher humidity by its 
surface chemical structure and high surface-to-volume ratio. The response and 
recovery times for the NiO based sensor were 23 s and 4 s. Furthermore, the sensor 
also showed negligible interference to various gases even working in the GHz range. 
(3) PEVImBr, as a kind of poly ion liquids, was synthesized and spincoated at 
the surface of SAW resonator. The sensor showed the frequency response of -26.4 
MHz in the range of 11%-69%RH, which is higher than the CeO2/PVP and NiO based 
SAW sensor. Meanwhile, the PEVImBr based SAW sensor also showed rapid and 
reversible reponses with low humidity hysteresis. The high performance in the low 
humidity range could be ascribled to the highly hydrophilic PEVImBr film with 
ion-type conductivity. 
 
  Keyworks：SAW humidity sensor; high frequency; nanomaterials. 
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第一章 绪论 
1.1 引言 
物联网被视做为继计算机、互联网之后信息产业发展的第三次浪潮，其中无
线与传感技术在物联网时代扮演了重要的角色。据估算到 2020 年，全球范围内
安装完成，并进入运转状态的传感器节点将达到 300亿个，它们广泛分布于工厂
自动化、智能建筑、个人移动终端等诸多场合，其中绝大多数传感器常年依赖电
池电源或二次能源采集系统供应电力才能维持正常运转[1]。声表面波（Surface 
acoustic wave, SAW）传感器作为一种无线、无源的传感技术，符合物联网技术
的发展潮流。声表面波是英国物理学家瑞利在研究地震波时发现的一种能量集中
于地表的声波，而经过长期的发展，人们已能够通过将压电衬底和叉指电极组合，
人为的激励并调控声表面波，进而发展出广泛应用于现代通信领域的各种声表面
波器件。声表面波传感器是基于 SAW器件为转化元件，将外界环境变量转化成
可测量的电信号的新型传感器件。随着通信技术的发展，声表面波器件也正朝着
高频化的方向逐渐迈进。因此，作为一种无线无源的传感技术，高频化 SAW传
感器是未来低功耗传感领域发展方向之一。 
1.2 声表面波器件简介 
1.2.1 波与振动  
波或者波动是物理信息（如光、电、超声等）在空间介质中传播的一种物理
现象。波由扰动所引发，扰动的形式多种多样，并通过扰动使传播路径上的其他
介质做同一类型的振动。扰动也可称为波源或振源，波源被认为是第一个开始振
动的质点，介质中的其他相邻质点根据波源的频率做受迫振动。波源提供维持振
动的能量，因此波源是波形成的必要条件。 
除了引力波以及电磁波可以在真空中传播以外，绝大多数波（如机械波）的
传播需要通过介质，例如太空中宇航员无法听到对方的声音，因为声音无法在真
空中传播。广义的介质可以是单一物质或者多种物质的组合体。介质本身的固有
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